Superconducting qubits provide a competitive platform for quantum simulation of complex dynamics that lies at the heart of quantum many-body systems, because of the flexibility and scalability afforded by the nature of microfabrication. However, in a multiqubit device, the physical form of couplings between qubits is either an electric (capacitor) or magnetic field (inductor), and the associated quadratic field energy determines that only two-body interaction in the Hamiltonian can be directly realized. Here we propose and experimentally synthesize the three-body spin-chirality interaction in a superconducting circuit based on Floquet engineering. By periodically modulating the resonant frequencies of the qubits connected with each other via capacitors, we can dynamically turn on and off qubit-qubit couplings, and further create chiral flows of the excitations in the three-qubit circular loop. Our result is a step toward engineering dynamical and many-body interactions in multiqubit superconducting devices, which potentially expands the degree of freedom in quantum simulation tasks.
Quantum simulation is an efficient way to solve the classically inaccessible many-body problems of complex quantum systems 1 . Among different strategies, analog quantum simulation, which intuitively uses a controllable quantum system to mimic the Hamiltonian of a target one, is more attainable in the near future because of its higher tolerance level of errors 2,3 . Superconducting qubits with advantages in flexibility and scalability are one of the leading candidates for building a practical analog quantum simulator [4] [5] [6] [7] . In a multiqubit superconducting circuit, qubits are typically connected by capacitors/inductors which store electric/magnetic fields, and the coupling energy contribution to the Hamiltonian depends quadratically on the field operators. Therefore it is straightforward to implement the two-body flip-flop interaction in the isotropic spin-1/2 XY -type model through the capacitive or inductive coupling 8 . However, interactions containing more spin operators, which are useful in calculating the ground state energy of molecules 9,10 and in toric codes 11 , remain challenging to be experimentally realized.
Floquet engineering characterized by fast periodic modulation of the characteristic frequencies of a quantum system is a versatile way to control the long-time dynamics of the system 12 . The key of Floquet engineering is designing appropriate driving schemes to synthesize the target Hamiltonian. In superconducting qubits, Floquet engineering has been used to realize chiral ground state current 13 , quantum switch 14 , perfect state transfer 15 , Dzyaloshinskii-Moriya (DM) interaction 16 , and topological magnon insulator states 17 . Although it has been proven in theory that arbitrary two-body spin intera) W. L. and W. F. contributed equally to this work. b) Electronic mail: dwwang@zju.edu.cn c) Electronic mail: hhwang@zju.edu.cn actions can be synthesized by Floquet modulation 18, 19 , many exotic phenomena, such as topological phases with anyonic excitations 20 , can only appear as a direct consequence of the many-body interactions involving more than two spins 21 .
Spin chirality 22 represents one example of the manybody interactions involving three spins,χ = σ 1 · (σ 2 × σ 3 ), where σ j = σ x j , σ y j , σ z j is the Pauli vector for the jth spin-1/2 particle. It plays an important role in quantum Hall effect in magnetic materials [23] [24] [25] [26] [27] [28] and chiral spin states in spin liquids 29, 30 . The dynamics driven byχ features a chiral evolution of the three-spin states |s 1 s 2 s 3 , i.e., e −iχθ |s 1 s 2 s 3 = |s 3 s 1 s 2 , with θ = π/3 √ 3 and s j = 0 (spin down) or 1 (spin up). It can be used in perfect state transfer 31 for arbitrary three-spin states. By changingχ → −χ, the rotation direction of the spin states is reversed. It is worth noting thatχ breaks both the time reversal symmetry T (replacing σ j with −σ j ) and parity symmetry P (exchanging σ i ↔ σ j ) but conserves the P T symmetry 22 .
Here we propose and experimentally demonstrate a method to synthesize the three-body spin chirality interactionχ, based on Floquet engineering for three superconducting qubits that are pair-wisely connected. By periodically modulating the resonant frequencies of the three qubits with well-controlled amplitudes, periods, and phases, we can dynamically turn on and off the coupling between any two qubits, and further create the three-body termχ in the effective Hamiltonian. Under the engineeredχ, we characterize the three-qubit chiral dynamics where excitations injected to one or two of the qubits flow clockwise through the three-qubit sites, which is in excellent agreement with numerical simulation taking into account qubit anharmonicity. The capability of engineering dynamical and many-body interactions beyond the conventional two-body ones will certainly expand the functionality of the quantum simulation plat- form built upon multiqubit superconducting circuits. The multiqubit superconducting device used in this experiment is illustrated in Fig. 1(a) , where frequencytunable transmon qubits 32, 33 are arranged in a triangular chain, and each qubit is capacitively coupled to four neighbors with the coupling strength g/2π ranging from 10 to 13 MHz. To synthesizeχ, we focus on the three qubits Q 1 , Q 2 , and Q 3 as highlighted by colors of blue, green, and red in Fig. 1(a) , respectively, while all the other qubits (light gray) are far detuned in frequency. Assuming that the pair-wise coupling strengths are uniform, the three-qubit Hamiltonian is
where σ + j and σ − j are Q j 's raising and lowering operators, respectively. As labeled in Fig. 1 , each qubit Q j has a microwave drive line (magenta) to inject excitations for XY rotations, a flux line (cyan) to tune the resonant frequency ω j (t) for Z rotations, and a readout resonator (purple) for detecting the state of the qubit. Single-qubit π rotations used in the experiment are calibrated to be around 0.997 in fidelity by randomized benchmarking. Detailed device parameters such as qubit coherence times, readout fidelities, and qubit-qubit coupling strengths can be found in Supplementary Material.
As illustrated in Fig. 1(b) , with Floquet engineering, we apply periodic driving signals through the Z line of Q j , so that Q j 's resonant frequency varies over time according to ω j (t) = ω j (0) + ∆ j cos(ν j t + φ j ), where values of ω j (0), ∆ j , ν j , and φ j are properly chosen depending on the function to be achieved (∆ j , ν j g ). The Floquet driving signals can be applied to one, two, or all three qubits simultaneously, and for simplicity here we assume ω j (0) ≡ ω 0 , ∆ j ≡ ∆, and ν j ≡ ν for all qubits being modulated. For example, in the interaction picture, Eq. (1) becomes
if both Q j and Q k are being modulated while the third qubit is far detuned and can be ignored. Using the Jacobi-Anger expansion e iz sin(y) = +∞ n=−∞ J n (z)e iny , where J n (z) is the nth-order Bessel function of the first kind, the interaction Hamiltonian can be expanded to
where H n contains the two-body operators σ + j σ − k . For two qubits, a direct consequence of Eq. (3) is that the time-independent zeroth-order term in H I dominates the long-time dynamics ( 2π/ν) while the net contribution of all higher order terms (|n| ≥ 1) is zero. The zeroth-order term determines that the effective coupling strength, g eff , between Q j and Q k under the Floquet engineering is gJ 0 (2 sin(δφ/2)∆/ν), which can be tuned by varying the ratio of ∆/ν and the relative phase between the two Floquet driving signals δφ = φ j − φ k . An experiment is done to verify such a tunability based on the pulse sequence illustrated in Fig. 2(a) , in which Rabi oscillations between Q 1 and Q 2 are mapped out at different δφ values with ω 0 /2π≈ 4.990 GHz, ν/2π = 100 MHz, and (a) (c)
FIG. 2. (a)
Pulse sequence to tune the effective coupling strength g eff between Q1 and Q2 by applying Floquet driving signals to the two qubits simultaneously. The sequence starts with initializing both Q1 and Q2 in |0 (Q3 is far detuned), and then exciting Q2 to |1 with a π rotation, following which both qubits are modulated via sinusoidal signals centering around 4.990 GHz through their Z lines for a period of T . The two sinusoidal signals have the same amplitude ∆ and frequency ν, but differ in phase by δφ. Finally the two-qubit joint state is measured after the Floquet modulation. ∆/2π≈ 138 MHz. At δφ = 2π/3 or 4π/3, the oscillation patterns disappear as g eff = 0, which indicates that the two qubits are dynamically decoupled. In Fig. 2(c) , |g eff | as a function of δφ (dots) is obtained by Fourier transform of the data in Fig. 2(b) along the time axis, which is excellent agreement with the numerical simulation result (line). We note that the tunability of g eff can also be realized by modulating just one of the two qubits. However, the modulation amplitude ∆ has to be about twice larger in order to completely decouple the two qubits, which is experimentally more difficult and may further expose the qubit to the impact of two-level state defects in the spectrum (see Supplementary Material) . Now we show that by applying periodic driving signals through the Z lines to all three qubits simultaneously, so that Q j 's resonant frequency is modulated according to ω j (t) = ω 0 + ∆ cos(νt + 2πj/3), it is possible to observe the long-time dynamics governed by the three-bodyχ interaction. The strategy is the same as before: Take the summation over all pair-wise terms similar to that in Eq. (2) and follow the Jacobi-Anger expansion to obtain Eq. (3) for the three-qubit case, where H n = gi n J n √ 3∆/ν e in(j+k)π/3 jk σ + j σ − k + (−1) n σ − j σ + k . Note that H n is the Hermitian conjugate of H −n . At ν g, the second order perturbation is valid, and the effective Hamiltonian governing the long-time dynamics is 12, 34 
where [H n , H −n ] ∝ jkl σ z j (σ x k σ y l − σ y k σ x l ). Finally, with the chirality operatorχ, we rewrite
where
Under the engineeredχ, excitations injected to one or two of the qubits will flow clockwise through the threequbit sites (see Supplementary Material for the tune-up procedure). Figure 3 shows such an experiment where a single excitation injected to one of the qubits travels cyclically through the three-qubit sites under the Floquet modulation. The modulation parameters are chosen ω 0 /2π ≈ 4.990 GHz, ∆/2π ≈ 138 MHz, ν/2π = 100 MHz for all three qubits, and δφ ≈ 2π/3 between any pair of qubits, which result in zero effective coupling strength for any pair of qubits, i.e., H 0 = 0 in Eq. (5), as confirmed in Fig. 2 . With the pulse sequence in Fig. 3(a) , we initialize |Q 1 Q 2 Q 3 in |001 with a π rotation to Q 3 , then apply the Floquet modulation signals through qubit Z lines for a period of T , and finally tune all qubits quickly to their idle frequencies for simultaneous readout. As shown in Figs. 3(b) and (c), the measured probabilities for the three single-excitation multiqubit states |001 , |010 , and |100 as functions of T are plotted in Fig. 3(b) , which indicates that the excitation circulates along the route 
The numerical simulation results taking into account realistic device and experimental parameters are also plotted for comparison. In the numerical simulation, the control parameters ∆ j , δφ j , and δω 0,j in Q j 's Floquet drive ω j (t) = (ω 0 + δω 0,j ) + ∆ j cos(νt + δφ j ) are set as ∆ j /2π = {138 MHz, 140 MHz, 136 MHz}, δφ j = {−0.1, 2π/3, 4π/3 + 0.1}, and δω 0,j /2π = {0, 0.7 MHz, 0} for Q j = {Q 1 , Q 2 , Q 3 }. The choice of these parameter values yields a good numerical match with the experimental data, which is also reasonable considering how we tune up the experiment.
For bosons with on-site repulsive interactions in a synthetic gauge field or spins with DM interactions, the chiral evolution of a double-excitation state, equivalent to the presence of a vacancy in the three-qubit sites, is opposite to that of a single-excitation state. However, with the spin chirality interaction, directions of the chiral evolutions of these two states are the same. To verify this point, here we initialize the three-qubit state in |011 to obtain the double-excitation chiral dynamics using the pulse sequence shown in Fig. 4(a) . We observe that the double excitations collectively circulate clockwise, i.e., the vacancy in excitations (the |0 state) circulates along the route Q 1 → Q 2 → Q 3 → Q 1 as shown in Figs. 4(b) and (c), in the same direction as that for the single-excitation state in Figs. 3(b) and (c). However, we notice non-negligible decreases of the modulation am- plitudes for all three qubits (here ∆/2π ≈ 135 MHz), and meanwhile we observe that the time for completing a full cycle is almost one-half of the time for the singleexcitation cycle. These are due to the existence of the third energy level |2 in the transmon qubits, where the qubit anharmonicity η/2π, i.e., the frequency difference between the |1 ↔ |2 and |0 ↔ |1 transitions, is about −230 MHz. When there are two excitations, e.g., |011 for |Q 1 Q 2 Q 3 , an additional coupling channel between Q 1 in |0 and Q 3 in |1 exists via the second-order effect mediated by Q 2 's |1 ↔ |2 , and the same is between Q 1 and Q 2 . As confirmed by the analysis in Supplementary Material and the numerical simulation results taking into account the qubit anharmonicity in Figs. 4(b) , the additional second-order effective interaction mediated by |2 indeed reduces the modulation amplitudes and accelerates the circulation as expected (see Supplementary  Material) .
In our experiment, the three-body chirality interaction is a second-order effect under the approximation ν g, and the resulting interaction strength is estimated to be κ/2π ≈ 0.5 MHz, which is sufficient for the observation of the chiral dynamics. Although this interaction strength is relatively weak and the second-order effect may not allow the implementation of high-fidelity quantum gates, our method of synthesizing the three-body interaction can still be useful for analog quantum simulation, since it is generally difficult to create a dynamical process mimicking that under a many-body Hamiltonian using the experimentally available one-and two-qubit gates (see, e.g., the recent experiment of generating multicomponent atomic Schrödinger cat states of up to 20 superconducting qubits 33 ).
In summary, we experimentally demonstrate a method for synthesizing three-body interaction of spin chirality with three superconducting qubits arranged in a triangular loop. This method expands the interaction types that we can achieve in superconducting qubits. Meanwhile, the models that contain threebody interaction for qubits arranged in triangular lattices were shown to have multi-degenerate ground states [35] [36] [37] [38] . The degeneracy depends on the topology of the system and is well protected against perturbations. Our experiment provides one possible way to realize these models and the ground states of these Hamiltonian can be used in the implementation of topological physics.
Supplementary Material
See Supplementary Material for device parameters, the experiment of tuning the qubit-qubit coupling by Floquet modulation of just one qubit, the tune-up procedure of the three-qubit Floquet modulations for the chiral dynamics, and the detailed theoretical analysis of the interaction Hamiltonian for both the single-and double-excitation cases.
Supplementary Material for "Synthesizing three-body interaction of spin chirality with superconducting qubits" Detailed device parameters can be found in Table S1 . is the idle frequency of Qj, where qubit rotations and state readout are performed. T1,j is the energy relaxation time measured for a qubit under the Floquet modulation with ω0/2π ≈ 4.990 GHz and ∆/2π ≈ 138 MHz, and T * 2,j is the Ramsey Gaussian dephasing time for a qubit biased at around 4.990 GHz. Since in the experiment all three qubits are modulated around ω0 with microwave excitations being transferred among them, we use a much longer pure dephasing time ∼ 5 µs, instead of T * 2,j , for all qubits in numerical simulation 1 . ηj is the qubit anharmonicity. ω r j is the resonant frequency of the readout resonator for each qubit. F0,j (F1,j) is the typical probability of measuring Qj in |0 (|1 ) when Qj is prepared in |0 (|1 ), which is used to correct the measured multiqubit probabilities for elimination of the readout errors. The Qj-Q k coupling strength g jk is measured by exciting one of the qubits and then bringing both qubits on resonance at ≈ 4.990 GHz while all the other qubits are at their maximum frequencies. 
II. SINGLE-QUBIT MODULATION
As mentioned in the main text, two qubits can also be dynamically decoupled by modulating only one of them. In this case, the effective coupling strength g eff is gJ 0 (∆/ν). We confirm this effect by performing an experiment based on the pulse sequence shown in Fig. S1(a) , in which Q 2 is modulated with fixed frequency ν/2π = 100 MHz centering at Q 1 's frequency for a period T . The probability of state |01 is measured as a function of T with different modulation amplitudes ∆ and the resulting Rabi oscillations between Q 1 and Q 2 is shown in Fig. S1(b) . In Fig. S1(c) , |g eff | as a function of ∆ (dots) is obtained by Fourier transform of the experimental data along the time axis in Fig. S1(b) . When ∆/2π ≈ 240 MHz, the effective coupling strength |g eff | becomes zero and the two qubits are dynamically decoupled, which agrees well with the numerical simulation result (line) in Fig. S1(c) .
III. PROCEDURE OF TUNING UP THE THREE-QUBIT CHIRAL DYNAMICS
The procedure to obtain the chiral dynamics (Figs. 3 and 4 of the main text) consists of three steps as sequentially illustrated in Fig. 1, Fig. S1, and Fig. 2 .
Step 1 : We measure the resonant frequency ω j versus Z bias curve for each qubit (Fig. 1 of the main text) .
Step 2 : For a pair of qubits, we modulate one qubit in frequency centering around the other one which is fixed in frequency (Fig. S1 ), according to the ω j versus Z bias curves obtained in step 1. The measurement results can be used to calibrate the drive amplitudes ∆, since the decoupling amplitude is supposed to be 2.404 times the modulation frequency.
Step 3 : With the drive amplitudes being calibrated for the pair of qubits, we then modulate both qubits simultaneously while varying the relative phase of the two modulation drives (Fig. 2 of the main text). The measurement results can be used to calibrate the relative phases since the decoupling point is supposed to be 2π/3.
Using the drive amplitudes and relative phases calibrated above for pairs of qubits, we can assemble the experimental pulse sequences and measure the 3-qubit chiral dynamics data, which clearly demonstrate chiral flows of the qubit excitations as expected. We then finetune the drive amplitude, phase, and offset for each qubit around the calibrated values to maximize the oscillation amplitudes, i.e., for the best quality of the data as shown in Figs. 3 and 4 of the main text. In the numerical simulation we also fine-tune the amplitude, phase, and offset of the Floquet modulation around the nominal experimental values for each qubit to obtain a good numerical match with the experimental data.
where κ = g 2 β/ν and β = ∞ n=1 J 2 n ( √ 3f ) sin(nπ/3)/n.
V. EFFECT OF WEAK ANHARMONICITY
The transmon qubit is not a pure two-level system, which has multiple energy levels and the energy separations between adjacent two levels are not equal. Qubit anharmonicity is defined by η = ω 21 − ω 10 , where ω lm is the transition frequency between levels l and m (l, m = 0, 1, 2, ..., and the ground state corresponds to level 0). Here we consider the effect of η by including three energy levels, {|0 , |1 , |2 }, for each transmon qubit. Note that when the sinusoidal modulation pulse is applied to the transmon qubit, both ω 21 and ω 10 vary simultaneously over time and η remains almost a constant. The full Hamiltonian is H = 3 j=1 ω 10 j (t) |1 j 1| j + 2ω 10 j (t) + η j |2 j 2| j + g jk |1 j 0| j |0 k 1| k + h.c.
which is used in numerical simulation.
When there is no population in |2 of any of the three qubits during the qubit initialization stage, the total effective Hamiltonian of the system under the Floquet modulation pulses can be restricted to the subspace {|0 , |1 } for each qubit, and under the assumption |nν + η| gJ n ( √ 3f ) we have
